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RESEARCHMEMORANDUM

INVESTIGATIONOFTHEPRESSURE-RNI’10REQUEIEMHWSOF

THELANGLEYn-INCHHYPERSONIC‘TUNNELWITH

A VARIXELE-GEOMETRYDIFFUSER

ByMitchelH. Bertrsm

SUMMARY

TestswereconductedintheLangleyI-1-inchhypersonictunnelat a
Machnumberof6.86to determinetheeffectivenessofan adjustable
supersonicdiffuserwithoutboundary-layercontrolinreducingthepres-

+ sureratiosacrossthesystemrequiredtomaintainsupersonicflow. The
resultsshowedthatthepressureratiorequiredtomaintainsupersonic
flowcouldbe reducedto aboutone-thirdthepressureratiorequiredfor
starting.Thisreductionquadrupled”therunningtimeofthetunnel.i Thepresenceofmodelsandmodelsupportstendedto increasetheminimum
pressureratiorequiredtomaintainflow. Thiseffect,however,could
beminimizedby selectionoftheoptimum”srearatioof thediffuserfor
eachmodelconfiguration.

INTRODUCTION

ExperienceintheLangleyn-inchhypersonictunnelatMachnumbers
oftheorderof7 hasshownthattheminimumpressureratiorequiredto
maintainsupersonicflowinthetestsectionis considerablygreater
thanthestagnationpressureratioacrossa normalshockifa simple
divergentdiffuserisused. Witha fixed-shapeconvergent-divergent
supersonicdiffuserthepossiblereductionsinrequiredpressureratio
areMnitedsinceonlya relativelysmalldecreaseinchannelareacan
be allowedinorderto avoidchokingduringthestartingprocess.After
theflowinthetunnelhasstartedandthe’norm.alshockWS passeddo-- .
streamofthediffuserthroat,a muchlsrgercontractioncanbe allowed.
Ideally,thethroatcouldbe closeduntila Machnumberofunityexisted”
acrossthethroat.Practically,however,shocks,viscouseffects,and

. associatedunstableflowphenomenalimitthemifiumthroatareato a
valueconsiderablylargerthar”theideal;thus,theactualeffectiveness
ofthediffuseriswellbelowthattheoreticallypossible.
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Somemethodof startingtheflowmustbe providedinorderto take
advantageof anydecreaseintheyressureratiorequi~edtomaintain
flow. Intheintermittentlyoperatedn-inchhypersoriictunnel(refer-
ence1)verylargepressureratiosareavailablefroma pressure-vacuum
tanksystemforstartingtheflow.Thevariable-geome%rydiffuseris ‘“”’
actuatedimmediatelyafterstartinginordertoprovidethelowestpoE-
sibleoperatingpressureratioandhencethelongestpossibleduration
oftestruns. Theselongrunsaredesirableintheiritermittenttypeof.
windtunnelinordertoprovidesteadyflowconditionstidsufficient, —

timefor-stabilizationofmanometersad otherinstfients.A ttiel o“f
thistypecanbemadecontinuousinoperationthroughtheadditionof
compressorsdesignedfortherelativelylowpressure-ratiorequirements
formaintainingflowmadepossiblethrou@~heaction~ofthevari&ble:- ‘-
areadiffuser.

.-

Thepurposeofthepresenttestswasto determin~theeffectiveness
ofa variable-geometrydiffuserdesignedforthen-inchhypersonict&-
nelas affectedby diffuserarearatio,stagnation_prSssure,andthe
presenceoftestmodelsandmodelsupports:A two-dimensionalnozzleof
conventionaldesign(reference2)whichproducedreasonablyuniformflow
inthetestsectionata meanMachnumberof 6.86was~sedb these
tests. .

SYMBOLS

A2

A3

A3‘

Ps

P4

P.

a

e

test-sectionarea —-
areaatupstresmendofthroatplatesofdif<fiser

areaat downstreamendofthroatplatesofdiffuser
-.

staticpressureat surfaceofdiffuserplates,.

stagnationpressureafterdiffuser

settling-chamberpressure .... --

singleofattack

plateanglerelativeto axisofdiffuser :
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APPARATUS

3

ThetestswereconductedintheIangleyn-inch~ersonic tunnel
(reference1) equippedtiththesingle-stage,two-dimensionalnozzleof
reference2 andan adjustable-areadiffuserlocateddowm.streamofthe
sectionhousi~themodelsupportstrut.Thenozzletestsectionwas
10.51inchesinheightby 9.95inchesinwidthand,consequently,the
test-sectionareawas104.6squareinches.Thenozzle,thestrutsec-
tion,andthevariable-geometrydiffuserareshowninfigure1.

Intheidealtypeofdiffusertheairwouldbe deceleratedthrough
a gradualcompression;however,thiswouldrequireaccuratelycurved
adjustablewallswhichareingeneralimpracticalina supersonicdif-
fuser.By deceleratingtheflowthroughtwoobliqueshocks,as inthis
design,thecompressionmaybe accmnplishedwithrelativelysmallshock
losses.Furthermore,theentranceplatesweredesignedsothat,inthe
fullclosedpositionatthedesignMachnumber,theshockfromthe
leadingedgeof theplatewouldmeetthejunctureof theopposite
entr~ceandsecondminimumplates.Thisarrangementresultsinthe
flowbeingparallelto theaxisas itenterstheparallelchannel.
betweenthesecondminimumplates,andalsotendstominimizetheeffect
of shockboundary-layerinteractionsincetheshockisnotreflected.
Thepossibilityexists,of course,thattheflowipthediffusermight. be quitedifferentfromthestiplifiedmodelassumedfordesignpurposes
becauseof viscouseffects.

Reference3 indicatedthata longconstantareaat theminimum
sectionwouldresultina greaterstability-oftheflowt&oughthe
diffuser.A nearlyconstant-areasectionwasthereforeaddedafterthe
contraction.

Theangleofthedivergingplateswaskeptsmallinorderto obtaih
a highefficiencyinthesubsonicpartofthediffuser.

Thediffuserwasnecessarilyadjustabletopermitstsrtingofthe
flowinthetunnel.Theoretically,fromone-dimensionalconsiderations,
a diffuserthroatabout63percentofthetest-sectionareawouldhe
sufficientatthisMachnumber;however,viscouseffects=d obstruc-
tionssuchasthemodelsupport,strutupstreamofthediffusercould
appreciablyalterthearearequiredto allowstsrting.Forthisreason
an arbitraryincreaseof 17percentwasmadeintheminimumdiffuser
areaprovidinganareaapproximately78percentof thetest-section
areaforthestartingcondition.

. Thesize
maintainedby
pneumatically

L

of theopeningbetweentheplatesshowninfigure1 was
theuse of stopswhichrestrictedthemovementofthe
drivenpistonwhichpoweredtheplates.Onesetof stops
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-determinedonlyonediffuseropening..Theminimum
by thelengthsoftheleversconnectingthepiston
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openingwaslimlted–
rodtotheplates.

Theplateswerehingedas showninfigurel.-Thedifferencei;over-all
lengthat differentarearatioswastakenupby a slidinghingeat the
downstreamendofthediffuserplate.Theplateswiththeiractuating
mechanismwerehousedina pressure-tightcase.Thedead-airspaces
betweenthecaseandthediffuserplates-wereVentedt~thestreamat the
Rar of thediffuserplates.Therewasa gapbetweenthesidewallsof
thecaseandtheplatesofabout0.015inch.

Thedimensionsofthepartscontrollingthediffuseropeningswere
suchthatthecentralplateswerenotparallelexceptattheminimum
areasetting.(Seefig.2.) Themaximumopening.gavean arearatio
betweenthetestsectionandsecondminimum“of0.784,whiletheminimum
openinggaveanarearatioof0.206. Infigure2, A2 isthetest-
sectionareaand A3 and A3’ are,respectively,theareasatthe
upstreaanddownstreamendsofthesecond-minimumplates.Alsogiven
infigure2 aretheanglesoftheentranceplatesand“theexit--plates
withrespecttotheaxisofthediffuser.

METHODS

Wessureswereobtainedas closeto thecenterliiieaspossible
alongthelen@hsofthethreeplatescomposingthedflfuser.stiff-
eningribspreventedmanyoftheorificesfrombeinglocatedonthe
centerline,,butnoneoftheorificesweremorethen1.3 inchesoffthe
centerlineoftheplates.

Thepressureinstrumentsdescribedinreference1 wereusedfor
thissurvey.Theseinstruinentsarebellows-type,6-ceilHometers, in
whichthedeflectionofthebellowsisconvertedintotherotationofa
smallmirrorwhichreflectsa besmoflighttoa movi~ filmthereby
givinga timehistcmyofthepressure. —

Thepressuresusedto determinethepressureratiorequiredto
maintainflowwerethestaticpressureinthesettlingchamberandthe
pressureinthe2-foot-dismeterpipedownstreamfromthediffuseras
obtainedfromwallorificesat themomentofthebreakdownof supersonic
flowinthetestsection.Thevelocityinthispipeislowenoughso
thatthestaticpressurethereisnegligiblydifferentfromthestagna-
tionpressure.

Testsforthevariationofthepressureratiorequiredwitharea
ratioandthepressuredistributionsalongthediffuserplateswere
madeata stagnationpressureof30fl~tmospheres.Teg.tsof theeffect
ofmodelconfigurationsinthetestsectionweremadeat 26*1atmospheres.

—.

- .,
,.

-,-- -r=* “.-
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* Additionaltestsweremadeatvaryingstagnationpressuresintherange
fromabout25downto 3 atmospheres.Thestagnationtemperatureforthe
testswas72>80°Fahrenheit,‘avaluehighenoughtomaintainthestatic
temperatureinthetestsectionwellabovethenormalstaticliquefac-
tionpointofairat thetest-sectionpressure.A regulatingvalveat
thereservoirtankmaintainedthestagnationpressureinthetunnelcon-
stantthroughouttherunningtime.

RESULTSANDDISCUSSION

Pressureratiorequiredtomaintainflow.-Theresultsoffig-
ure3(a)showtheverysubstantialeffectivenessofthediffuser.The
theoreticalcurveonthisplotwasobtainedby assumingone-dtiensional
isentropicflowbetweenthetestsectionmd the~fuser t~oat ~d a
normalshockinthediffuserthroat.Theexperimentallydetermined
pressureratiorequiredtomaintainflowis seentobe froWapproxi-
mately60to about115percenthigherthanthatgivenby thetheoretical
linebecauseofthepresenceofviscousandshockeffects.Measurements
oftheboundarylayerinthetestsectiongiveninreference2 @dicate. thatthedisplacementthicknessoftheboundarylayerisabout3/4of
an inch.Of coursetheboundsrylayer,same45 inchesdownstream,at
theentranceof thediffuser,wouldbe considerablythicker.Thethee- ‘

.

(
g=lo on

retied.pressureratiorequiredwithouta diffuser

)
&“

fig.3(a) correspondstothetotalpressureratioacrossa normalshock
at thetest-sectionMachnumber.Thepressureratiorequiredforthe
smallestthroatareatestedislessthanhalfofthetheoreticalnormal
shockpressureratio.

Withthemsxtiumthroatopening,a pressureratioof79was
requiredtomaintainsupersonicflowintheunobstructednozzleor

1aboutl= ofthenormalshockvalue.Froman extrapolationofthe
A3

experim&talcurveinfigure3(a),to — = 1.0,a pressureratioofA2
about97 is seentobe requiredtomaintainflowwithoutsaydiffuser.
Thisvalueisabout3*timesas great.asthepressureratio.ofabout29
requiredatthesmall~stthroatareatested.Furtherreductionsinarea
mightbebeneficialforsometestconfigurations.

Figure3(b)illustratestheeffectofan obstructionaheadof the
diffuseronthepressureratiorequiredtomaintainflow. Theobstruc-
tioninthiscasewasthediamond-shapemodelsupportstrutuponwhichm wasmounteda 10°includedangleconelocatedinthecenterofthetest
section.Theratiooftheunobstmctedareaatthestrut’smaximum
thicknessto thetest-sectionareawas0.779.Theeffectof thestrut,
as shownby a comparisonof-~ 3~a}~d 3(b)wastomakethe “

=&F~



.

6 NACARML50113

diffusermoreeffectiveat ftslargeropeningsandsom~whatlesseffec-
,.,—

tiveat itssmalleropenings.Theoptimumarearatiointhiscondition
isabout0.304witha minimumpressureratioofabout43requiredto
maintainflow.Whenthearearatiobetweenthesecond“minimumandthe
testsectionwasreducedbelow00304largeincreaseeintherequired
pressureratioresulted.At anarearatiobetweenO.= snd0,215a

-.

completebreakdownofsupersonicflowocctirredimmediat~lyuponclosing
thediffuser.Themechanismofthisphenomenonwillbe discussedlater.
in-moredetail.Thenumberoftailson someoftheda~apointsfifig-
ure3 indicate-thenumberof additionaltestrunstheresultsofwhich
wereinagreement. -- .——.

Theeffectof testmodels.-Figure4 illustrates~heeffectthat._
twowingmodels(4by 4 in.inplanform)h.d”uponthe_requiredpressure
ratio.Theeffectsarenoticeable,butsmal~,untiltheangleof
attackis-sufficientlyhighsothatthewakeandshock-losses-ofthe
wingcausechokinginthediffuserthroat.Thisconditionmanifested-
itselfasa suddenlargedecrease-inthelengihoftestrunastheangle
ofattackisincreased.As showninfigure4,thiseffectcanbe
delayedtoa higherangleofattackby enlargingtheareaofthesecond
minimum.Fromtheresultsof figures3 and4, itisseenthatno single
optimumarearatioexistsforalltestconfigurations.---

Effectofpressureratiorequiredontheduration--oftestrun.-
Figure5 presentsa plot“ofthe.durationoftestrunin”secondsasa ~~
functionofthepressureratiorequiredto~intainfl&w. Thisplot
makesitevidentthatfortheconditi6noffigure3(a)therunningtime
isincreasedby a factorof 4 inchangingtheconfigurationfromthe
casewherethereisno reductioninthediffuser-throatareafromthe
test-sectionsxeato thesmallest.diffuser-throatareatested.Withthe
modelsup~ortstrutandthe10°coneaheadofthediffusertheoptimum
pressureratiorequiredwasabout43. Forthisconfi~rationtherunni@
timewasincreasedbj a factorofabout3. “ .

Infigure5,no attemptwasmadeto”correlatetheinitialcondi-“-”
tionsoftemperature,pressure,andpressureratioacrossthesystemat
thestartof therunwiththeparametersofthegraph.Thuswhathas
beenfairedas onecurveinthefigureisrealy a f~~y of curves.
Ingeneral,thisvariationin initialconditionswasnotgreatandits
effectonthelengthofrunwassmall..

Pressuresinthediffuser.-Figure6 pre-sentsthe~ressuresa.s ----
measuredalongtheapproximatecenterl“ineoftheplatesformingthe
diffuserwiththeConditionoffigure3(a),thatis,withoutthemodel
support.Thesepressuresaregivenintheformoftheplatesurface
pressuredividedby thesettling-chamberpressure.In:thisfigure,the
pressurecurvesthatarereferredtoas “break”meanthepressures-taken
theinstantbeforethebreakdownof supersonicflowin%hetestsection

%

-.W- “:
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8. ofthenozzle.Thepressureratiosof thesebreakcurvescorrespondto “
thevaluesgiveninfigure3(a).Theothercurvesrepresentthepres-
suredistributionsatvarioustimesduringtherun. Eyreferringto

(Pofi~e 5,thepressureratioschosen ~ = 105Z70~ad ~
)

areseen

to correspondto timesofapproximatel~20,b, and60 seconds,respec-
tively,afterthestartofa run. Infigure6,thegradualprogressof
theshockupstreamalongthediffusermaybe fold_owed.Thepressure
gradientneartheshockbecomessteeperas theshockmovesupstream.
Whentheshockreachestheupstresmportionof thethroatsndthepres-
sureratioacrossthesystemistoolowto keeptheshockinthethroat
an abruptbreskdownofthesupersonicflowoccurs.Of course,whathas
beenreferredtoas “theshock”isprobablya complexsystemof shocks
sincethepressureriseinmostcasesisgradualevenforthecurve
representingtheconditionstiediatelyprecedingthebreak.

Thoughnotreadilyseendueto thescaleoffigure6,thepressures
overtheentranceplateofthediffuserarefrom1:ttiesthetest-

sectionpressureatthelargerthroatsreasto ~ timesthetest-section
. pressureat thesmallerthroatareas.Thesepressurerisesarecloseto “

thosepredictedby theobliqueshocktheorywheretheflow-deviation
angleisassumedequaltotheincidencemgle oftheplates.

.
Figure7 presentsthediffuser-wallpressuredistributionsobtained

withthediamond-shapemodelsupportstrutinplaceandthe10°included
angleconeinstalledinthetunnelinthesameconfigurationas forfig-

‘~= 0.238ofure3(b).Thecume for figure7 representsa conditionin
A2

whichtheareaofthethroatis below the optimum,thatis ontheportion
oftheexperimentalcurvein‘fi~re3(b)tiichhasa negativeqlope.b
figure7, ifthepressuresatthearearatioof0.238be compared
with0.358,a strikingdifferenceisfound.At thearearatioof0.358
theshockinthediffusershowsa gradualprogressupstresm,asthe
pressureratiodecreases,withan increasinggradientofpressureas
wasnotedinfigure6. At thearearatio0.238,however,theshockdm?s
notprogressupstresmintothethroat,butappearstomoveonlya short
wayalongthediffuserexitplatewhenthediffuserchokesandthereby
causescompletebreakdownoftheflow.Thedirectcauseofthischoking
isprobablyleakagethroughthegapbetweenthesidewallsandtheplates
fromthedead-airchamberswherethemechanismishoused.Thesourceof
high-pressureairistheairdownstreamof thenormalsho~konthe
diffuserplate.Thisleakageof courseispresentatallarearatios
andallconfigurationsto a varyingextent.Euttheamountofleakage
thatcanbe toleratedwithoutchokingis considerablydecreasedby the

●

presenceofthewakeandshocklossesfromthesupportstrut.

.
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Exceptforarearatiosbelowtheopthuxn,thepressurechanges
showninfigure7 aremuchthesaneasthoseinfigure6, wherethe
nozzleanddiffuserwereunobstructed.However,itwillbe noticed
thatat thelargerarearatios,therearenoticeableeffectsofdis-
turbancesbeingcarriedupstreamandaffectingthepressuresalongthe
entranceplatesjustbeforethebreakdownofsupersonicflow. These
disturbances,however,haveno detectableeffectuponthepressures
measuredinthetestsection.Withthemodelsupportstrutinplace
thepressureonthe,entranceplateisfrom2~.to& timesthetest-
sect’ionpressuredependingonthediffuseropening.

Effectofvaryingthestagnationpressureonthepressureratio
requiredtomaintainflow.-Figure8 presentsthevariationofthe.pres-
.sureratiorequiredtomaintainflowtogetherwiththevariationofthe
averageMachnumberinthecentraluseable.portionofthetestsection
asa functionofthestagnationpressureofthenozzle.(Seerefer-
ence2 fora morecompletestudyofthepressureeffect.)TheMach
numberremainsessentiallyconstantasthestagnationpressureis
reducedf-rem25atmospheresto a stagnationpressureof-about14atrnos-
pheres.Belowthispressuretherecoxmencesa gradualdecreaseinthe
test-sectionMachnumberwhichcontinuestotheloweststagnationpres-
suretested,about3 atmospheres.Thepressureratiorequiredtomain-
tainflowalsoappearstofollowthistrend,beingessentiallyconstant
as thepressureisreducedtoapproximately14atmospheres,then
decreasingasthestagnationpressureisreducedfurther.Thus,it
appearsthatthestagnationpressureaffectsthepressureratiorequired
tomaintainflowwirilythroughitseffectuponMachnumber.

CONCLUDINGREMARKS

Theuseofa variable-measupersonicdiffuserintheLangley
n-inchhypersonictunnelmadeitpossibleinsomecasestomaintain
flowinthenozzlewithstagnationpressurerati”osacrossthesystemas
lowas one-thirdofthatrequiredwithouta secondminiiiumwitha con- -
sequentquadruplingoftherunningthe. Ina contmuou-srhnningtunnel
startedby a pressure-vacuumtanksystemasemployedin”then-inch
hypersonictunnel,theuseofthisdiffuserwouldappreciablyreduce
theinstalledpowerandthesizeendnumberof stagesofthedrive
compressors. T

Thepresenceoftestmodelsamdtheirsupportstendedto increase
thepressure-ratiorequirements.Thiseffect,however,csnbeminimized
by selectingtheoptimumarearatioofthediffuserforeachtest
configuration. —
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. No attemptwasmadeinthepresentseriesofteststo improvethe
performanceofthediffuserby reducingtheflowleakageknownto exist
aroundtheedgesoftheadjustableplates.Furthermore,theminw ‘
areaofthediffuserwaslimitedby themechanicallinkagesusedand
furtherreductionsinareamightbe beneficialforsometest
configurations.

LangleyAeronautical.Laboratory
NationalAdvisoryCommitteeforAeronautics

LangleyAirForceBase,Va.
.

1.McLelkn,CharlesH.,Williams,ThomasW.,andBertram,MitchelH.:
Investigationofa Two-StepNozzleintheLangleyXl.-Inch* ~ersonic Tunnel.NACATN 2171,1950.

2.McLellan,CharlesH.,Will’iams,ThomasW.,andBeckwith,Ivan E.:
InvestigationoftheFlowthroughA Single-StageTwo-Dimensional
NozzleintheLangley11.-fichHypersonicTunnel.NACATN )
1950●

3. &ntrowitz,Arthur:TheFormationandStabilityofNormalShock
WavesInChannelFlows.NACATN1225,1947.



P
o

2ftpipa
\

Figure l.- Sketchofdiffuserand nozzle with model suppmt strutfi place.

.,

,,,

:,

,:● ✎✌✌✌✌✌ ✎ ☛

✎ ✎ ✎ !:. .,. 1
,, *

., .i..l 1.



NACARML50113 11

I

[

i

.

Lo 7
/

.9
/
/

/

.8

‘2,‘/ ~3 y’
P
“

.7
// %,/

,6 /d

{ /j

.5 d/
/
/

//

.4 1 / ‘
d ‘
f

.3 t.
)0

/

.2

.1

--

‘o 10 20 30 40 50 60 70 80 90

.—

,

Figure2.-!Iheareasinthediffuserdeterminedby thediffuserthreat
platesandtheamgleof incidenceof theenlxrmceandexitplates.



I I I I

120

100

C@ ./’
>

,/

:80 /
=
P

Area mno, A&

I I
w L 0 4

I

~

120 , w-~
10. hmd aqlm M+,

Are. miio, #

(a) Unobstructednozzle and diffuser. (b) Nozzle and diffuserwith model
Suppxt strut.

Figure 3.-‘fhepressureratioacrossthesystemreqd.redtomaintainsuper-~
sonic fluw as a functionof the area ratio between the d.lffuserthroat
and the test section.

.

,.

& .

,, ,; ‘,.



.

Figure 4.-Theeffectoftwoairfoilsatvariousanglesofattackon the
preasuxe ratio requiredh maintati flllw.“
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